Introduction
All mature blood cells derive from hematopoietic stem cells (HSC). These HSC have been shown to reside mainly in specialized microenvironments, referred to as niches.
It is thought that the niche regulates HSC quiescence (dormancy), self-renewal, and differentiation by expression of surface molecules and secretion of soluble factors.
Which signals are provided by the niche and how exactly these signals affect HSC, still remains uncertain. 1 We have established a number of stromal cell clones from midgestation embryonic sources, of which we identified two cell lines (EL08-1D2 and UG26-1B6) which maintain fetal as well as adult HSC, even though they had no direct contact with the hematopoietic cells (non-contact co-cultures). 2, 3 In gene expression studies, we observed that -in comparison to a number of non-supporting stromal cell linesthose two cell lines both expressed larger amounts of mRNA corresponding to a number of secreted molecules. We recently described that one of these factors, secreted frizzled-related protein 1, is required for sustained self-renewal of HSC in vivo, and that this was due to extrinsic regulation of HSC by the microenvironment, most likely, through regulating β-catenin (Ctnnb1) and peroxisome proliferatoractivated receptor gamma (Pparg), both mediators of the Wnt signalling pathways. 4 One other overrepresented factor was the pleiotrophic cytokine Pleiotrophin (Ptn). 3 Pleiotrophin was also found to be overexpressed by other HSC supportive cells, like human brain endothelial cells 5, 6 or the stromal cell line AFT024, 7 suggesting that high expression of Ptn may be a common feature among HSC-supportive stromal cells.
Pleiotrophin, due to its pleiotrophic activities, is known under many alternative names, including heparin-binding growth-associated molecule (HB-GAM) and osteoblastFor personal use only. on . by guest www.bloodjournal.org From stimulating factor (OSF). Ptn is a highly conserved 17 kDa cytokine, 8 which, together with Midkine, forms a small family of low molecular weight factors. 9 Several receptors are known to bind Ptn as a ligand: receptor protein tyrosine phosphatase β /ζ (Rptpz1), 10 nucleolin, 11 and N-syndecan. 12 It was recently shown that Rptpz1 is expressed on bone marrow-derived lineage -negative Ly6a + Kit + (LSK) cells. 6 Binding of Ptn to RPTP β /ζ inactivates the phosphatase domain through dimerization of the receptor. This leads to an increasing phosphorylation status of the numerous targets of RPTP β /ζ, including β-catenin, ALK, β-adducin, CD81, c-Fyn and others. 10, 13 The effects of Ptn on proliferation and differentiation appear to converge in β-catenin-and its downstream factor Dlk1. 10, 14 Interestingly, Dlk1 has previously been identified to be overrepresented in the Ptn overexpressing HSC-maintaining cell line AFT024, and to promote cobblestone area formation by HSC-derived progeny. 15 Since it was shown that Rptpz1 is expressed on bone marrow-derived LSK cells, 6 these pathways may well be relevant in HSC regulation.
Ptn is known to play important roles in proliferation and differentiation in various cell types. It was shown that Ptn is mitogenic for fibroblasts, epithelial and endothelial cells. 16 Ptn leads to an increased expansion and differentiation of human osteoprogenitor cells. 17 A similar effect was found in murine osteoprogenitors, but only with low concentrations of Ptn, higher concentrations showed no effect. 18 In human embryonic stem cells, the addition of Ptn induces increased clonal growth, without differentiation. 19 In neural stem cells, however, Ptn lead to an decreased proliferation and an increase of differentiation of these cells. 20 Recently, it was demonstrated that Ptn also affects cellular proliferation of HSC. Although Ptn by itself does not affect proliferation, it enhances proliferation of HSC stimulated in vitro using a 3 growth factor cocktail. Interestingly, Ptn-enhanced proliferation, does not lead to
For personal use only. on . by guest www.bloodjournal.org From 6 HSC loss, but also increases absolute HSC number, suggesting Ptn increases HSC self-renewal in vitro. 6 Thus, Ptn can have opposing effects, probably dependent on the Ptn dose and the expression of its different receptors. In this paper, we studied the effect of HSC in vivo. In particular, we were interested in how the absence of Ptn in microenvironmental stromal cells would affect early hematopoiesis and we here report a differential role for Ptn in the myeloid and lymphoid engraftment response of hematopoietic stem cells. mice were used as recipients.
Stromal cells and cell lines.
Primary stromal cells were prepared from aortagonads-mesonephros regions of genotyped Ptn +/+ and Ptn -/-embryo (E11.5) as previously described. 2 The stromal cell lines EL08-1D2, UG26-1B6, UG15-1B7, EL28-1B3, and AM30-3F4 were cultured as described previously. 2, 3 Lentiviral shRNAmir in pLKO.1 vector (OpenBiosystems) was used for stable knockdown of Ptn (Ptn KD ) in the stromal cell lines as described previously. 4 As a control (pLKO.1) stromal cells transformed with empty vector were used. Infected cells were selected by 5 µg/ml puromycin in the medium for 3 days after infection or thawing.
Flow cytometry. Surface markers were stained using antibodies from eBioscience (Natutec, Heidelberg Germany), except for CD150-PE, which was obtained from Short-term colony assay. The number of colony forming cells was determined using culture in growth factor-supplemented methylcellulose medium as described by the manufacturer (MethoCult GF M3434, Stemcell Technologies, Bonn, Germany).
2.5·10
4 BM cells or, after culturing on stroma, 1000 Lin -(see below) input equivalent cells were seeded per 3 cm dish.
Stromal cell co-cultures. For all co-cultures, lineage depleted bone marrow cells 5000 Lin -cells were plated on stromal cells in a 3 cm dish. For long-term co-cultures, cells were cultured in long-term culture medium (M5300, StemCell Technologies).
Each week, half of the supernatant was replaced with fresh medium.
In vivo engraftment.
In all experiments, recipient mice were lethally irradiated with a 9 Gy (KD2 Mevatron, Siemens, Munich, Germany). Immunocytofluorescence Staining. Single cell staining assays were performed as modified from our previously described protocol. 4 In brief, 500 cells were spotted on poly-L-lysine coated slides. Spotted cells were fixed with 4% PFA and blocked with 10% FCS and 0,1 % Triton-X in PBS. Cells were stained with anti-Ctnnb1 (L54E2 Alexa Fluor 488-conjugated Mouse antibody, Cell Signaling), rabbit anti-Ccnd1 (92G2, Cell Signaling) or anti-Cebpa (2295, Cell Signaling). As a secondary antibody we used anti-rabbit, Alexa Fluor 488-conjugated antibody (4412 (Cell Signaling))..All stains were counterstained with DAPI (4,6-diamino-2-phenylindole, dihydrochloride) (Invitrogen). A Leica DM RBE fluorescent microscope (Leica, Wetzlar, Germany) was used for detection. Fluorescence intensities of stained cells were quantified in total pixels using ImageJ (NIH, Bethesda, USA). Each stain included a negative Ig control, the detected pixels of which were deducted from the total pictures as background.
Nuclear and cytoplasmic regions were differentially defined based on the boundaries of the DAPI staining, and the ratio of total pixels within the nuclear region and the cytoplasm was determined as described previously. For personal use only. on . by guest www.bloodjournal.org From
Results

Loss of Ptn alters hematopoiesis in vitro.
We previously demonstrated that pleiotrophin is overrepresented in the cell lines EL08-1D2 and UG26-1B6 which support maintenance of HSC in culture. 3 Here, we confirmed this finding using real time PCR (Figure 1a ). To study the importance of Ptn for stem cell maintenance, we stably knocked down expression of Ptn ( we found an increased amount of donor-derived myeloid progenitors (CMP and GMP)
in the bone marrow of these 1° recipients ( Figure S4b ). To investigate whether increased primary engraftment reflects over-activation (reduced self-renewal) or increased HSC maintenance (increased self-renewal), bone marrow of these 1° mice was used for transplantation into lethally irradiated 2° WT recipient mice. In contrast to our results in primary Sfrp1
-/-knockout recipients we published earlier 4 , analysis of these 2° recipients receiving cells from the primary Ptn In all serial transplantations, we detected myeloid and lymphoid engraftment. we decided to return to our study of the co-cultures we described above (Figure 3a) . For We also studied some selected genes expressed in cells recovered from co-cultures with primary Ptn -/-stromal cells. We confirmed that Ctnnb1 expression remained unaltered, whereas we found a decrease in Pparg expression and both Ccnd1 and Cebpa were increased (Figure 6 ), confirming the regulation of these genes in both Ptn KD and Ptn -/-stromal cell co-cultures. (Figure 6a,b) . In single-cell immunofluorescence staining of sorted LSK and GMP from co-culture experiments, we found that, in line with the unchanged transcriptional regulation of Ctnnb1, the total protein level of Ctnnb1 was not affected in either LSK or GMP, nor was its intracellular localization ( Figure S8 ). In addition, these sorting experiments demonstrated that the transcriptional increase in Cebpa was mirrored by an increase at the protein level in LSK cells from primary Ptn 
Discussion
The secreted 17 kDa cytokine Ptn is known to be involved in diverse cellular functions in various cell types. 8 However, the role of Ptn in niche-associated regulation of hematopoiesis has, so far, not been explored. We show that Ptn is not Another pathway which is potentially affected by Ptn is Notch signalling. Since Ptn was overexpressed in cell lines supporting HSC in long-term cultures, 3, 5, 7 and addition of Ptn to in vitro cultures increases HSC cell numbers, 6 we anticipated that the loss of stromal Ptn would have a negative effect on HSC behavior. However, The cause of the myeloid skewing is not clear from our observations and several hypotheses can be formulated which would explain our findings. Firstly, as described above, they could be the result of the observed regulation of Ccnd1 and Cebpa which are both involved in regulation of HSC self renewal. 41, 42 Also, Cebpa is known as a master regulator of myeloid differentiation 43 . This does, however, not explain why myeloid engraftment is still favored in quaternary recipients, nor why we observed a significant peak of this behavior in 3° recipients. Secondly, our observations of myeloid skewed engraftment and increase in marrow Cd34 -LSK are consistent with those reported for ageing HSC, [44] [45] [46] [47] a phenomenon which may depend on soluble factors emanating from niche cells. However, our observations are not entirely consistent with these data because aged HSC show a functional defect in engraftment which is not detectable in our experiments. A third explanation could also be that stromal Ptn-deficiency differentially affects HSC subsets. Myeloidskewed engraftment is also observed in studies with the myeloid-biased α subset of
HSC, which show robust engraftment and self-renewal capacity compared to lymphoid-biased (γ-and δ) HSC 48, 49 . Thus, like recently shown for Tgfb1, 50 the absence of Ptn in the microenvironment, may favor maintenance of α-type, myeloid/biased HSC. In this case, the lack of Ptn could be interpreted as an imbalance in the regulation of myeloid-and lymphoid-biased HSC.
In conclusion, the present study shows that steady-state hemostasis, maintenance, 
